Electrochemical oxidation with boron-doped, diamond-coated electrodes could potentially be applied to treat radioactively contaminated oils. Accordingly, a feasibility study was performed using two representative, non-radioactive oils (a cutting fluid and a hydraulic oil). The process was shown to remove between 92 and 99% of the organic material in an alkaline suspension of the cutting fluid, with 87% of the added organic carbon being recovered as carbonate. A further test demonstrated that the oxidation could be maintained during periodic addition of oil to the electrochemical cell. It was found that the hydraulic oil would not form a stable emulsion and separated from the electrolyte, effectively removing it from the active area around the electrodes; as a result the hydraulic oil resisted oxidation. This limitation is not insurmountable and the preliminary results were considered to be sufficiently encouraging for continued evaluation of the technology with the aim of developing a process that could be applied to radioactivelycontaminated oils within a Controlled Area (Contamination).
INTRODUCTION
AWE plc is responsible for the design, manufacture, in-service support and eventual retirement and decommissioning of the United Kingdom's independent nuclear deterrent. AWE's activities generate oils and oily wastes contaminated with radioactive materials, including uranium and plutonium. These oils include machine tool cutting fluids, hydraulic oils, lubricating oils and vacuum pump oils. Most are hydrocarbons, but a small proportion are fluorinated and silicone oils.
At present in the United Kingdom, it is not possible to directly dispose of oils contaminated with significant quantities of radioactive materials. For example, although spent cutting fluids contain 90-96% water, it is not possible to treat them at AWE as aqueous radioactive waste. The current on-site plant that treats radioactive aqueous waste is based on the ferric floc process (1) , which precipitates radioactive metals prior to discharge of the treated water to the environment via a monitored and regulated route. This process is not designed to remove oil, so that the presence of waste cutting fluid in the aqueous radioactive effluent would lead to an unacceptable environmental discharge of oil.
AWE is investigating a range of processes, for example biodegradation (2) , that could be used to treat these oils and allow the radioactive contaminants to be stabilised and eventually disposed of via the existing routes for either aqueous or solid waste. Electrochemical oxidation has the potential to convert the organic components of the waste oil to carbon dioxide and water, leaving an aqueous solution and inorganic sludge suitable for treatment in our existing radioactive waste treatment plants. When Condias GmbH (Itzehoe, Germany) introduced the technology of borondoped diamond electrodes to AWE it was decided that a feasibility study would be undertaken using two non-radioactive oils that would represent the types of radioactively contaminated oils held at AWE. This paper describes the results of the feasibility study, undertaken on behalf of AWE by G.E.R.U.S. mbH (Berlin, Germany), using boron-doped, diamond coated electrodes supplied by Condias. A particular aim of the study was to determine how much of the oil was converted to carbon dioxide. It was argued that this factor would determine the potential of the process, because the disposal of any residual organic material as radioactive waste could be as problematic as the disposal of the original oil.
EXPERIMENTAL

Oils
The machine tool cutting fluid examined was Solcut BR, manufactured by Houghton Vaughan. The formulated product contained:-70 -80% severely refined mineral oil, 1 -5% fatty acid soaps (including xylenol and rosin soaps), 1 -5% non-ionic emulsifiers, 1 -5% petroleum sulphonates, 1 -5 % ionic emulsifiers, and a trace of antifoam with the balance being water (3).
The hydraulic oil was OM-33 to Def Stan 91-39, which was supplied by Esso. OM-33 is a UK Ministry of Defence standard for a petroleum-based anti-wear hydraulic fluid, with a viscosity meeting ISO VG 32, containing no metallic additives (4).
Apparatus
All tests were performed on the laboratory scale. The electrodes were placed in the test liquid, which was contained in a glass beaker or measuring cylinder. In the tests with Solcut BR, the electrochemical cell was placed in an outer beaker to which ice was added to prevent the temperature of the electrolyte rising above about 50 o C. In the first test, ice was added to the outer container after about 1 hour of operation.
The oxidation was carried out using a constant current, equivalent to 30 mA per cm 2 of the anode surface. In the first test with Solcut BR, the electrolyte was 4g/l NaOH and 2g/l Solcut BR. With these conditions, an electrical potential of about 5 volts was required to maintain a constant current of 10.8 amps. In the repeat tests, the concentration of NaOH was reduced to 1.1 g/l.
The operating conditions of the electrochemical cells are shown in Tables I to V. Overhead paddle stirrer
Analytical methods
With Solcut BR, samples were taken from the test cell to measure chemical oxygen demand (COD), total organic carbon (TOC), total inorganic carbon (TIC) and total petroleum hydrocarbon (TPH). COD was measured using Nanocolor test kits 28 and 29 (CSB15000 and CSB1500) with ranges 1,000 -15,000 and 100 -1,500 mgO 2 / litre respectively. These kits were supplied by Machery/Nagel. TOC and TIC were measured using the Dr Lange test kit LCK 381. TPH was measured by the German standard method, DIN 38408-H18, for the examination of water, waste water and sludge.
The COD current efficiency was calculated by dividing the measured loss of COD by the maximum loss of COD that could have been produced by the electrical charge passed during the experiments. Current efficiencies were also calculated from the loss of TOC and from the production of carbon dioxide (measured as TIC). These calculations were based on the content of hydrogen and carbon in Solcut BR as determined by elemental analysis.
The above methods could not be applied to the OM 33 because it did not form a stable emulsion under the test conditions. The amount of hydrocarbon remaining at the end of an oxidation test was measured by extracting the oil into chloroform, evaporating the chloroform and weighing the residual oil. This procedure recovered 97.5% of the oil added to an untreated oil-water mixture.
RESULTS AND DISCUSSION
The behaviours of the cutting fluid and the hydraulic oil during electrochemical oxidation were found to be significantly different. This is believed to result from the differing water solubility of the two oils.
Oxidation of Solcut BR cutting fluid
In the first test with Solcut BR, the removal of organic material was measured by the decrease in COD, TOC and TPH. Each measurement showed that there was a high degree of oxidation (see Table VI , below). The value for the degree of oxidation depended somewhat on the parameter measured. It was 96% on the basis of loss of COD, 99.8% on the basis of loss of TOC and 99% on the basis of loss of TPH. The final value recorded for the TOC, 2 mg /l, was probably too low because it was measured in the presence of a large concentration of carbonate. When a sample taken at the end of the run was acidified later to remove inorganic carbon prior to analysis, the recorded TOC was 105 mg carbon/litre. This value for the TOC was equivalent to 92% oxidation.
To corroborate these results, the degree of oxidation was also measured by the amount of carbon dioxide produced (as TIC). The amount of inorganic carbon formed was about 87% of the amount of organic carbon added at the start of the experiment. The final amount of TOC and TIC was close to the amount of the TOC and TIC present at the start of the experiment, the recovery of carbon being 87% (or 95% if the final TOC was 105 mg/litre).
Visual observation of the solution of 0.2% Solcut BR during the oxidation process supported the analytical evidence that there had been a marked destruction of the oil. There was no visual evidence that oil was lost in the analysis, e.g. by adsorption onto the electrodes or onto the glass container. Two repeat tests with Solcut BR were performed where oxidation was monitored by the loss of COD. The time course for the loss of COD in the two repeat tests (SC2a and SC2b) was broadly similar to that in the initial experiment, except that the rate of loss of COD was somewhat greater over the first 60 minutes, particularly for SC2b.
Measuring the current efficiency during the experiments gave an insight into the processes occurring during the oxidation. The current efficiency was calculated in three ways, i.e. in terms of the loss of COD, or the loss of TOC or the formation of TIC. As well as calculating the current efficiency for the entire run, the efficiency was calculated for each 30 minute increment during the run. The values for these incremental current efficiencies were compared to the average values calculated from the start of the test to the end of the time period. It was found that the period of 60-90 minutes was the most efficient time for carbon dioxide production and removal of TOC, whereas the periods of 0-30 and of 30-60 minutes were the most efficient for the removal of COD.
This can be explained in terms of the expected process for degradation. Initially, the oxidation would be expected to have broken down the long hydrocarbon molecules into molecules that were both shorter and more oxidised. This would have reduced the COD of the organics without reducing the amount of TOC appreciably. The greatest decrease in TOC would have occurred when the intermediates were then oxidised further to eventually yield carbon dioxide.
The initial trials were performed as single batches. It is likely that a larger scale operation would involve the periodic addition of oil to the electrochemical cell. The time course of the current efficiency implies that the most efficient way of operating the system in terms of oxidation of the organic material would be to continuously add oil to maintain the concentration of organics seen at the start of the run. An experiment was performed to check if oxidation could be maintained during repeated additions of Solcut BR. After the last addition, the oxidation was continued to check whether the concentration of organic material could then be reduced to the extent seen in the first test. It was observed that the addition of Solcut BR at 2 hourly intervals to the electrochemical cell produced periodic increases in COD, as expected. Between additions, the COD decreased and after the final addition it eventually decreased to a value representing 0.01% of the expected COD of the Solcut BR added. The amount of carbonate produced was not measured during this test and so it is not possible to confirm at this stage whether the oxidation had proceeded to the extent indicated by the final COD. However, visual observation confirmed that an appreciable degree of oxidation had occurred: only a small amount of oil was seen on the surface of the electrolyte at the end of the run
Oxidation of OM 33 hydraulic oil
Difficulties were encountered during the oxidation of the hydraulic oil OM-33; it was found that the oil readily separated from the electrolyte. An attempt was made to keep the OM-33 in suspension during the oxidation by vigorously stirring the upper part of the electrolyte solution.
Although the mixing formed a milky suspension, it was not sufficiently stable to allow the COD to be measured accurately and the amount of oil had to be measured by extraction into chloroform. After electrochemical treatment of the suspension for 22.5 hours, the apparent destruction of oil was not more than 0.54 g. If it is assumed that the oil has the nominal composition C 17 H 36 , the destruction of this amount of oil corresponds to a loss of COD =1.87 g O 2 . In theory, the charge passed (3.6 amps for 22.5 hours) should have reduced the COD by 24.3 g O 2 . Thus, the maximum overall current efficiency was only 7.7%.
OM-33 resisted oxidation, even though the oil in Solcut BR was readily oxidised. It was considered that the reason for the resistance of OM-33 was the poor contact between the oil and the oxidising species formed by the electrodes. Diamond-coated electrodes are understood to act via the production of hydroxyl radicals and other unstable oxidising species, which have a very short half-life, and as a result the oxidation is thought to be restricted to a narrow zone close to the electrode surface. Accordingly, the separation of the oil from the electrolyte would have removed it from this active zone.
CONCLUSION
This preliminary examination of electrochemical oxidation with diamond-coated electrodes achieved a considerable destruction of the cutting fluid Solcut BR, which confirmed its potential for the treatment of radioactive organic waste. The resistance of the hydraulic oil OM-33 to oxidation was ascribed to the difficulty of forming a suspension of the oil that was able to react at the electrode surface. This difficulty was not encountered with Solcut BR, because the hydraulic oil, unlike Solcut BR, was not formulated to produce a stable emulsion of oil in water.
The difficulty with the oxidation of OM 33 is not considered to be insurmountable, because techniques are available for emulsifying oils in water, e.g. by using surfactants, sonication, or high shear mixing. Alternatively, it may be possible to enhance the reactivity of the electrodes by adjusting the composition of the electrolyte. Diamond electrodes can be used to form other active species in addition to hydroxyl radicals. For example, they could form persulphate, hypochlorite or percarbonate from sulphate, chloride or carbonate, respectively. These species can be active in the bulk electrolyte, because they are somewhat more stable than hydroxyl radicals.
The preliminary results were sufficiently encouraging for AWE to continue to evaluate the technology with the aim of developing a process that could be applied in a radioactive area. The aim would be to: -devise the most suitable method for adding the oils to the electrochemical cell to ensure dispersal of the oil; -check the robustness of the electrochemical oxidation; -devise a waste treatment process; and -evaluate the potential secondary waste streams and the amounts of secondary waste.
